Relativistic calculation of nuclear transparency in (e,e'p) reactions by Meucci, A





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2the framework of the relativistic mean eld theory. The eective Pauli reduction has been adopted
for the outgoing nucleon wave function. The resulting Schrödinger-like equation is solved for each
partial wave starting from relativistic optical potentials. The relativistic current is written following
the most commonly used current conserving (cc) prescriptions for the (e; e
0
p) reaction introduced
in Ref. [20]. The ambiguities connected with dierent choices of the electromagnetic current cannot
generally be dismissed. In the (e; e
0
p) reaction the predictions of dierent prescriptions are generally
in close agreement [21]. Large dierences can however be found at high missing momenta [22, 23].
The formalism is outlined in Sec. II. Relativistic calculations of nuclear transparency are pre-
sented in Sec. III, where current ambiguities are also investigated. Some conclusions are drawn in
Sec. IV.
II. FORMALISM
The nuclear transparency can be experimentally dened as the ratio of the measured cross section
to the cross section in plane wave approximation, which is usually evaluated by means of a Monte


































is the distrorted wave cross section and 
PW
is the plane wave one. Since the measured
transparency depends upon the kinematics conditions and the spectrometer acceptance, we have
to specify the space phase volume, V , and use it for both the numerator and the denominator [24].
Because of nal state interaction, the distorted cross section depends upon the momentum of the
emitted nucleon p
0
, whereas the undistorted cross section only depends upon the missing energy
E
m
and the missing momentum p
m
.
In the one-photon exchange approximation the (e; e
0
p) cross section is given by the contraction


























cos (2)] ; (2)
where 
M
is the Mott cross section, f
rec




are the energy and
momentum of the emitted nucleon, and  is the out of plane angle between the electron scattering
plane and the (q;p
0
) plane. The coecients 

0
are obtained from the lepton tensor components





























































where h   i means that average over the initial and sum over the nal states is performed fullling















exp fiq  rg	
i
(r) ; (4)
are calculated using relativistic wave functions for initial and nal states.
The choice of the electromagnetic operator is a longstanding problem. Here we discuss the three






































































































expressions are equivalent for on-shell particles thanks to Gordon identity. However, since nucleons
in the nucleus are o-shell we expect that these formulas should give dierent results. Current








































is given by the Dirac-Hartree solution of a relativistic Lagrangian containing scalar and vector
potentials.
The ejectile wave function 	
f
is written in terms of its positive energy component 	
f+
following
















where S = S(r) and V = V (r) are the scalar and vector potentials for the nucleon with energy E
0
.
The upper component 	
f+




















is a two-component wave function which is solution of a Schrödinger equation containing equiv-
alent central and spin-orbit potentials obtained from the scalar and vector potentials. Hence, using




















































C = C(r) =M + E
0
+ S(r)   V (r) : (13)





p) reaction is a well-suited process to search for CT eects. The e-p cross section is
accurately known from QED and the energy resolution guarantees the exclusivity of the reaction.
4Several measurements of nuclear transparency to protons in quasifree (e; e
0
p) knockout have been
carried out on several target nuclei and over a wide range of energies to look for CT onset.
Here, we calculated nuclear transparency for closed shell or subshell nuclei at kinematics condi-
tions compatible with the experimental setups for which the measurements of nuclear transparency
have been performed, and for which the RDWIA predictions are known to provide a good agree-
ment with cross section data. The bound state wave functions and optical potentials are the same
as in Refs. [18, 19], where the RDWIA results are in satisfactory agreement with (e; e
0
p) and (; p)
data.
The relativistic bound-state wave functions have been obtained from the program ADFX of
Ref. [28], where relativistic Hartree-Bogoliubov equations are solved in the mean eld approxima-
tion to the description of ground state properties of several spherical nuclei. The model starts from
a Lagrangian density containing sigma-meson, omega-meson, rho-meson and photon eld, whose
potentials are obtained by solving self-consistently Klein-Gordon equations. Moreover, nite range
interactions are included to describe pairing correlations and the coupling to particle continuum
states.
The outgoing nucleon wave function is calculated by means of the complex phenomenological
optical potential EDAD1 of Ref. [29], which is obtained from ts to proton elastic scattering data
on several nuclei in an energy range up to 1040 MeV.
Since no rigorous prescription exists for handling o-shell nucleons, we have studied the sensi-




are taken from Ref. [30].
In Fig. 1 our RDWIA results for nuclear transparency, calculated with the cc2 prescription for the
nuclear current are shown. The Q
2





in constant (q; !) kinematics. Calculations have been performed for selected closed shell












Pb) for which the relativistic mean eld code





results lie below the data and are comparable with those presented in Ref. [14], where it was shown
that the EDAD1 optical potential led to a smaller transparency, while better agreement was found
using an empirical eective interaction which ts both proton elastic and inelastic scattering data.
However, we have to note that the DWIA model of Ref. [14] uses a dierent approach to obtain
single particle bound state wave functions. The calculations at Q
2
= 0:6; 1:3, and 1:8 (GeV/c)
2
are
closer to the data and fall down only for higher mass numbers.
In Fig. 2 the energy dependence of nuclear transparency is shown. The calculations have been
performed for the same nuclei and at the same kinematics as in Fig. 1. The calculated transparency
is approximately constant for each nucleus and decreases for increasing mass number.
In Refs. [10, 12] it is reported that the transparency data can be tted with an exponential law
of the form T = A
 
, with  ' 0:24. Since our model is based on a single particle picture of
nuclear structure, we expect our results to be sensible to the discontinuities of the shell structure.
These clearly appear in the changes in shape of the A-dependent curves.




Ca to dierent choices for the
electromagnetic current is shown. The results with the cc1 current are larger than those obtained
with the cc2 current, whereas cc3 results are smaller than the cc2 ones. A similar behavior was
already found out in Ref. [19] for (;N ) dierential cross section. Here it is mainly due to the
fact that, when using the cc1 current, the distorted cross section, 
DW
in Eq. 1, is enhanced with
respect to the calculations with the cc2 or the cc3 current, whereas the plane wave cross sections,

PW
, are almost independent of the operator form.
IV. SUMMARY AND CONCLUSIONS
In this paper we have presented relativistic DWIA calculations for nuclear transparency of (e; e
0
p)
reaction in a momentum transfer range between 0:3 and 1:8 (GeV=c)
2
.
The transition matrix element of the nuclear current operator in RDWIA is calculated using the
bound state wave functions obtained in the framework of the relativistic mean eld theory, and the
direct Pauli reduction method with scalar and vector potentials for the scattering state. In order
to analyze the ambiguities in the choice of the electromagnetic vertex due to the o-shell character
of the initial nucleon, we have used three current conserving expressions in our calculations.
5We have performed calculations for selected closed shell or subshell nuclei. The dependence of
nuclear transparency upon the mass number and the energy has been discussed. Low Q
2
results
underestimates the data, thus indicating the presence of too strong an absorptive term in the
optical potential. In contrast, results at higher Q
2
are closer to the data. We nd little evidence
of energy dependence or momentum transfer of the transparency for each nucleus.





The results with the cc1 current are larger than the cc2 results, whereas those obtained with the
cc3 current are more similar to the cc2 ones. This eect is due to the enhancement of the cc1
distorted cross section with respect to the cc2 and cc3 cross sections.
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6FIG. 1: The nuclear transparency for the quasifree A(e; e
0
p) reaction as a function of the mass number for Q
2
ranging from 0:3 to 1:8 (GeV=c)
2
. Calculations have been performed for selected closed shell or subshell nuclei with









are from Ref. [11].











Zr (open crosses), and
208
Pb(open diamonds), at the same kinematics as in
Fig. 1. Calculations were performed for Q
2
values marked by symbols. The
12
C data are from Refs. [9, 10, 11].
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Ca, at the same kinematics
as in Fig. 1. Calculations were performed for Q
2
values marked by symbols.
